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$EVWUDFW
7KH SURGXFWLRQ RI PXOWLOD\HUHG DOXPLQXP DOOR\V XVLQJ WKH $FFXPXODWLYH 5ROO %RQGLQJ 3URFHVV $5% LV DQ DXVSLFLRXV
SRVVLELOLW\WRIDEULFDWHQDQRVWUXFWXUHGVKHHWPDWHULDOZLWKHQKDQFHGPHFKDQLFDOSURSHUWLHV7KHLQFUHDVHGVWUHQJWKTXDOLILHVWKHVH
VHPLILQLVKHGSURGXFWVIRU OLJKWZHLJKWDSSOLFDWLRQV LQDXWRPRWLYH LQGXVWU\+RZHYHU WKH$5%SURFHVVDOVROHDGV WRDUHGXFHG
GXFWLOLW\ RI WKH XOWUDILQH JUDLQHG PDWHULDO )XUWKHUPRUH IDLOXUH PHFKDQLVPV OLNH GHODPLQDWLRQ FDQ RFFXU GXULQJ IRUPLQJ
RSHUDWLRQV$ORFDOVKRUWWHUPODVHUKHDWWUHDWPHQWDFFRUGLQJWRWKH7DLORU+HDW7UHDWHG%ODQNVWHFKQRORJ\FDQEHDSSOLHGLQRUGHU
WRHQKDQFH WKHIRUPDELOLW\DQGSUHYHQWIDLOXUH0XOWLOD\HUHGVKHHWVRI WKHDOXPLQXPDOOR\$$ZHUHSURGXFHG LQDZDUP
UROOLQJSURFHVV7KHPHFKDQLFDOSURSHUWLHVDVZHOODVWKHERQGVWUHQJWKDUHLQYHVWLJDWHGZLWKLQWKLVFRQWULEXWLRQXVLQJWHQVLOHWHVWV
DQG7SHHOWHVWV7KHPDWHULDOFKDUDFWHUL]DWLRQLVFDUULHGRXWLQGHSHQGHQF\RIWKHKHDWWUHDWPHQWWHPSHUDWXUH$LUEHQGLQJWHVWVLQ







OHJDO UHJXODWLRQV OLNH WKH GHPDQG IRU D UHGXFWLRQ RI &2 HPLVVLRQV LQ WKH DXWRPRWLYH LQGXVWU\ DV GHVFULEHG E\
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$5%SURFHVVDFFRUGLQJWR6DLWRHWDOLVDQDXVSLFLRXVSRVVLELOLW\WRSURGXFHXOWUDILQHJUDLQHG8)*VKHHW
















E\ WKH UROOLQJSURFHVV DW D W\SLFDO WKLFNQHVV UHGXFWLRQRIZKLFK FDXVHV ERQGLQJRI WKH VKHHWV7KLVSURFHVV
VHTXHQFHFDQEHUHSHDWHGVHYHUDOWLPHVLQRUGHUWRLQFUHDVHWKHVWUDLQZKLFKLVLQGXFHGLQWRWKHPDWHULDO7RSLFHWDO
 LQYHVWLJDWHG WKH HIIHFW RI GLIIHUHQW$5%F\FOHVRQ WKHPHFKDQLFDO SURSHUWLHVRI DQ DOXPLQXPDOOR\RI WKH
VHULHV$VLJQLILFDQWLQFUHDVHLQWKHVWUHQJWKRIWKHPDWHULDOFRXOGEHDFKLHYHGDIWHUDQGUROOLQJF\FOHV
+RZHYHUDPDMRUGHFUHDVHRIWKHHORQJDWLRQWRIDLOXUHLQGLFDWHVDSRRUIRUPLQJEHKDYLRURIWKHXOWUDILQHJUDLQHG








KHDW WUHDWPHQW FDXVHV D GLVVROXWLRQ RI WKH VWUHQJWKHQLQJ 0J6LFOXVWHUV 7KLV HQDEOHV D ORFDO DGDSWDWLRQ RI WKH
PDWHULDO SURSHUWLHV DFFRUGLQJ WR WKH 7DLORU +HDW 7UHDWHG %ODQNV 7HFKQRORJ\ 7+7% *HLJHU HW DO 
LQYHVWLJDWHGWKHHIIHFWRIDVKRUWWHUPKHDWWUHDWPHQWRQDQXOWUDILQHJUDLQHGDOXPLQXPDOOR\$$%HVLGHVWKH
ZHOONQRZQ GLVVROXWLRQ RI WKH 0J6LFOXVWHUV D UHFU\VWDOOL]DWLRQ RI WKH QDQRFU\VWDOOLQH JUDLQ VWUXFWXUH ZDV
GLVFRYHUHG &RQVHTXHQWO\ WKH DSSOLFDWLRQ RI WKH 7+7% WHFKQRORJ\ LV DOVR VXLWDEOH LQ RUGHU WR HQKDQFH WKH
IRUPDELOLW\RI$5%SURFHVVHGSUHFLSLWDWLRQKDUGHQDEOHDOXPLQXPDOOR\V7KHHIIHFWRIDORFDOKHDWWUHDWPHQWRQWKH
IRUPLQJEHKDYLRU RIPXOWLOD\HUHG VKHHWPDWHULDO LV SUHVHQWHGE\0DLHU HW DO %HQGLQJ H[SHULPHQWV RI 
OD\HUHGOD\HUHGDVZHOODVOD\HUHGVKHHWVRIWKHDOXPLQXPDOOR\$$ZHUHFDUULHGRXW$QHQKDQFHPHQW
RI WKH EHQGDELOLW\ GXH WR D ORFDO KHDW WUHDWPHQW RI WKH EHQGLQJ HGJHZDV LQYHVWLJDWHG+RZHYHU DQ LQIOXHQFH RI
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:LWKLQ WKLV FRQWULEXWLRQ WKH DOXPLQXP DOOR\ $$ LV XVHG 7KH LQLWLDO VKHHW WKLFNQHVV LV PP DQG WKH
GLPHQVLRQRIWKHEODQNVSUHYLRXVWRWKHILUVWUROOLQJF\FOHLV[PP3ULRUWRWKHUROOERQGLQJSURFHVVWKH
VKHHW PDWHULDO LV VROXWLRQ DQQHDOHG LQ D IXUQDFH DW D WHPSHUDWXUH RI & IRU RQH KRXU DQG VXEVHTXHQWO\ DLU
TXHQFKHG7KHFKHPLFDOFRPSRVLWLRQRIWKHDOXPLQXPDOOR\$$LVJLYHQLQ7DEOH
7DEOH&KHPLFDOFRPSRVLWLRQRI$$LQZHLJKWSHUFHQW
$O 0J 6L )H &X 0Q &U =Q 7L
   PD[ PD[  PD[ PD[ PD[










3.3. Material characterization 
7KHPXOWLOD\HUHG VKHHWPDWHULDOSURGXFHGZLWKLQ WKH$5%SURFHVV LV FKDUDFWHUL]HG LQGHSHQGHQF\RI WKHKHDW











%HVLGHV WKHPHFKDQLFDOSURSHUWLHV WKHTXDOLW\RI WKHERQGLQJRI WKHPXOWLOD\HUHGVKHHWVKDV WREH LQYHVWLJDWHG
VLQFH WKLV LV FUXFLDO LQ RUGHU WR SUHYHQW GHODPLQDWLRQ HIIHFWV LQ IRUPLQJ RSHUDWLRQV 7KH FKDUDFWHUL]DWLRQ RI WKH




WHVWLQJPDFKLQHDVSUHVHQWHG LQ)LJXUH7KHFURVVKHDGVSHHG LVVHW WRPPPLQ7KH LQYHVWLJDWLRQRI WKHSHHO
VWUHQJWKLVDOVRFDUULHGRXWLQGHSHQGHQF\RIDSULRUKHDWWUHDWPHQW+RZHYHUIRUWKH7SHHOVSHFLPHQD1G<$*
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3.4. Bending tests 
$LU EHQGLQJ WHVWV DUH FDUULHG RXW LQ RUGHU WR LQYHVWLJDWH WKH IRUPLQJ EHKDYLRU RI WKH OD\HUHG 1 VKHHW
PDWHULDO 6SHFLPHQV ZLWK D GLPHQVLRQ RI [PP DUH FXW RXW RI WKH VKHHW PDWHULDO ZLWK WKH EHQGLQJ HGJH
SDUDOOHO WR UROOLQJ GLUHFWLRQ 7KH H[SHULPHQWDO VHWXS LV SUHVHQWHG LQ )LJXUHD 7KH PD[LPXP EHQGLQJ DQJOH
ZKLFKFDQEHFDOFXODWHGDFFRUGLQJ WR',1(1,62 LVVHW WRDERXW7KHSXQFKYHORFLW\ LVPPV7KH
SODVWLF GHIRUPDWLRQ DW WKH XSSHU VLGH RI WKH VSHFLPHQV LV PHDVXUHG ZLWK DQ RSWLFDO VWUDLQ PHDVXUHPHQW V\VWHP
$5$0,6 6SHFLPHQVZLWKRXW D ORFDO KHDW WUHDWPHQW RI WKH EHQGLQJ HGJH DUH XVHG DV UHIHUHQFH IRU WKLV VHULHV RI
H[SHULPHQWV 7KH VKRUW WHUP KHDW WUHDWPHQW LV FDUULHG RXW XVLQJ WKH 1G<$* ODVHU V\VWHP DV GHVFULEHG LQ
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5HVXOWVDQGGLVFXVVLRQ
7KH LQIOXHQFH RI D VKRUW WHUP KHDW WUHDWPHQW RQ WKH PHFKDQLFDO SURSHUWLHV RI D OD\HUHG SUHFLSLWDWLRQ
KDUGHQDEOH DOXPLQXP DOOR\ LV SUHVHQWHG LQ )LJXUHD $FFRUGLQJ WR *HLJHU HW DO  WKUHH PLFURVWUXFWXUDO
HIIHFWV FDQEH LGHQWLILHGGXH WR D VKRUW WHUPKHDW WUHDWPHQWRIQDQRFU\VWDOOLQHSUHFLSLWDWLRQKDUGHQDEOH DOXPLQXP
DOOR\V7KHVHDUHWKHUHFU\VWDOOL]DWLRQRIWKH8)*PLFURVWUXFWXUHDGHFUHDVHRIWKHGLVORFDWLRQGHQVLW\DVZHOODVWKH
GLVVROXWLRQRI0J6LSUHFLSLWDWLRQV7KHPXOWLOD\HUHGVSHFLPHQVZLWKRXWDKHDWWUHDWPHQWDUHFKDUDFWHUL]HGE\DKLJK
VWUHQJWKEXWD ORZIRUPDELOLW\7KH\LHOG VWUHQJWKDW URRP WHPSHUDWXUH LV03DDQG WKHXQLIRUPHORQJDWLRQ LV
RQO\DWDOHYHORI7KHPLFURVWUXFWXUHRIDQRQKHDWWUHDWHGVSHFLPHQLVSUHVHQWHGLQ)LJXUHE7KHUHE\QR
JUDLQ ERXQGDULHV FDQEH GHWHFWHGGXH WR WKH8)*PLFURVWUXFWXUH$ VKRUW WHUPKHDW WUHDWPHQW DW WHPSHUDWXUHV RI




ERXQGDULHV FDQ EH GHWHFWHG $IWHU D KHDW WUHDWPHQW DW WHPSHUDWXUHV RI & DQG & WKH VWUHQJWK RI WKH
DOXPLQXP VKHHWV VXEVHTXHQWO\ GHFUHDVHV WR D \LHOG VWUHQJWK RI03D DQG WKHXQLIRUPHORQJDWLRQ LQFUHDVHV WR
0HUNOHLQDQG9RJWIRXQGRXWWKDWDKHDWWUHDWPHQWWHPSHUDWXUHRI&FRPELQHGZLWKDKROGLQJWLPH
RI RQO\ V DOUHDG\ FDXVHV UHFU\VWDOOL]DWLRQ HIIHFWV:LWKLQ WKLV LQYHVWLJDWLRQ WKH KROGLQJ WLPH LV VHW WR V DQG
WKHUHIRUHEHVLGHVRWKHUHIIHFWVOLNHWKHGLVVROXWLRQRIWKH0J6LSUHFLSLWDWLRQVDUHFU\VWDOOL]HGJUDLQVWUXFWXUHFDXVHV
WKHVRIWHQLQJRIWKHPDWHULDO7KHKLJKHVWKHDWWUHDWPHQWWHPSHUDWXUHRI&OHDGVWRDPDMRUFKDQJHUHJDUGLQJ
WKHPHFKDQLFDOSURSHUWLHV7KHXQLIRUPHORQJDWLRQ ULVHV WRD OHYHORIDQG WKH\LHOGVWUHQJWKGHFUHDVHV WR
03D/HFKQHUHWDOIRXQGRXWWKDWWKHVRIWHQLQJRIDFRQYHQWLRQDOSUHFLSLWDWLRQKDUGHQDEOHDOXPLQXPDOOR\
E\WKHGLVVROXWLRQRI0J6LFOXVWHUVFDQEHLQYHVWLJDWHGXSWRDWHPSHUDWXUHRI&+HDWWUHDWPHQWWHPSHUDWXUHV
EHWZHHQ & DQG & GLG QRW UHVXOW LQ IXUWKHU VRIWHQLQJ HIIHFWV 7KLV OHDGV WR WKH FRQFOXVLRQ WKDW












XQLIRUP HORQJDWLRQ DW KHDW WUHDWPHQW WHPSHUDWXUHV EHWZHHQ& DQG& ,Q FRQWUDVW IRU WKHPXOWLOD\HUHG
VKHHWV LQYHVWLJDWHGZLWKLQ WKLV FRQWULEXWLRQ LW LV SUHVHQWHG WKDW KHDWLQJ FDXVHV D VLJQLILFDQW LQFUHDVH UHJDUGLQJ WKH
XQLIRUP HORQJDWLRQ $W D KHDW WUHDWPHQW WHPSHUDWXUH RI & WKH HORQJDWLRQ LV LQFUHDVHG E\ DERXW 
FRPSDUHG WR WKH VSHFLPHQV ZLWKRXW KHDW WUHDWPHQW 7KHUHIRUH SULPDULO\ UHFU\VWDOOL]DWLRQ LQ FRPELQDWLRQ ZLWK
DQQHDOLQJ HIIHFWV ZKLFK FDXVH D GHFUHDVH RI WKH GLVORFDWLRQ GXH WR D VKRUW WHUP KHDW WUHDWPHQW DUH EHQHILFLDO
UHJDUGLQJWKHGXFWLOLW\RIWKHPXOWLOD\HUHGVKHHWPDWHULDO
%HVLGHVWKHLQIOXHQFHRIDVKRUWWHUPKHDWWUHDWPHQWRQWKHPHFKDQLFDOSURSHUWLHVWKHHIIHFWRQWKHERQGVWUHQJWK
LV LQYHVWLJDWHGZLWKLQ WKLV FRQWULEXWLRQ 7KH UHVXOWV DUH SUHVHQWHG LQ )LJXUH 7KH SHHO VWUHQJWK RI WKH UHIHUHQFH
PDWHULDOZLWKRXWDQ\KHDWWUHDWPHQWLV1PP$VKRUWWHUPODVHUKHDWWUHDWPHQWRIWKH7SHHOVSHFLPHQVOHDGV
WRDVXEVHTXHQWLQFUHDVHRIWKHSHHOVWUHQJWKZLWKDULVLQJWHPSHUDWXUH+RZHYHUDWWHPSHUDWXUHVRI&&
DQG & QR VLJQLILFDQW LQFUHDVH RI WKH ERQG VWUHQJWK FDQ EHGHWHFWHG$W D KHDW WUHDWPHQW RI & WKH SHHO
VWUHQJWKLQFUHDVHVWR1PP7KHPD[LPXPSHHOVWUHQJWKRI1PPLVPHDVXUHGDWDWHPSHUDWXUHRI





DQG $OOZRRG  LQYHVWLJDWHG WKH VKHDU VWUHQJWK RI VROLG VWDWH ZHOGV RI DQ DOXPLQXP DOOR\ $$ LQ
GHSHQGHQF\ RI D YDULDWLRQ RI WKH SURFHVV WHPSHUDWXUH $ VXEVHTXHQW LQFUHDVH RI WKH WHPSHUDWXUH IURP URRP
WHPSHUDWXUH WR& UHVXOWHG LQ D ULVHRI WKHERQG VKHDU VWUHQJWK ,WZDV DOVR IRXQGRXW WKDW DQ LQFUHDVHRI WKH
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WKH IDLOXUH LQ GHSHQGHQF\ RI WKH KHDW WUHDWPHQW WHPSHUDWXUH LV SUHVHQWHG ,Q WKLV FDVH IDLOXUH LV GHILQHG DV WKH
RFFXUUHQFH RI FUDFNV DQG GHODPLQDWLRQ RI WKH OD\HUV RI WKH VSHFLPHQV $ W\SLFDO FUDFN LQ FRPELQDWLRQ ZLWK
GHODPLQDWLRQRIWKHODVWERQGHGUHVSHFWLYHO\PLGGOHOD\HURIWKHVSHFLPHQZLWKRXWDQ\KHDWWUHDWPHQWLVGHSLFWHGLQ








$FFRUGLQJ WR WKHFKDUDFWHUL]DWLRQRI WKHPDWHULDOSURSHUWLHV LQGHSHQGHQF\RIDVKRUW WHUPKHDW WUHDWPHQW WKUHH
HIIHFWV DUH LGHQWLILHGZKLFK FDQ LQIOXHQFH WKH IRUPLQJ EHKDYLRU RI WKH LQYHVWLJDWHGPXOWLOD\HUHG VKHHWPDWHULDO
7KHUH LV WKHGHFUHDVH LQ VWUHQJWK WKH LQFUHDVHRI WKHXQLIRUPHORQJDWLRQ DQG WKH ULVHRI WKHERQG VWUHQJWKRI WKH
VKHHWV 7KH UHVXOWV UHJDUGLQJ IDLOXUH DQG VWUDLQ GLVWULEXWLRQ ZLWK UHVSHFW WR WKH EHQGLQJ WHVW LQGLFDWH WKDW WKH
EHQGDELOLW\ FDQ EH LPSURYHGZLWK WKH KHOS RI D ORFDO VKRUW WHUP KHDW WUHDWPHQW 7KH HIIHFW RI UHGXFHG VWUDLQV DV
SUHVHQWHG LQ )LJXUHE FDQ EH H[SODLQHGE\ WKH FKDQJH RI WKHPHFKDQLFDO SURSHUWLHV DW WKH ORFDOO\ KHDW WUHDWHG
EHQGLQJ HGJHDFFRUGLQJ WR)LJXUH7KH UHGXFHG VWUHQJWK DVZHOO DV WKH HQKDQFHGGXFWLOLW\ UHVXOW LQ DGHFUHDVHG














RI WKH 0J6LFOXVWHUV OHDGV WR D GHFUHDVHG VWUHQJWK IRU FRQYHQWLRQDO  VHULHV DOXPLQXP DOOR\V )RU $5%
SURFHVVHGEODQNVZLWK D QDQRFU\VWDOOLQH JUDLQ VWUXFWXUH WKH DGGLWLRQDO HIIHFW RI D ORFDO UHFU\VWDOOL]DWLRQKDV WR EH
WDNHQLQWRDFFRXQW%HVLGHVVRIWHQLQJHIIHFWVDGLUHFWLQFUHDVHRIWKHGXFWLOLW\FDQEHDFKLHYHGIRUWKHKHDWWUHDWHG
DUHDVRIPXOWLOD\HUHGDOXPLQXPDOOR\V




KHDW WUHDWPHQW WHPSHUDWXUHV UHVSHFWLYHO\ QR KHDW WUHDWPHQW OHDG WR GHODPLQDWLRQ DQG FUDFNV GXULQJ WKH EHQGLQJ
SURFHVV
:LWKLQ IXUWKHU VFLHQWLILF LQYHVWLJDWLRQV WKH LQIOXHQFH RI WKH RULHQWDWLRQ WR UROOLQJ GLUHFWLRQ RQ WKHPHFKDQLFDO




7KH DXWKRUV JUDWHIXOO\ DFNQRZOHGJH WKH VXSSRUW RI WKH &OXVWHU RI ([FHOOHQFH ³(QJLQHHULQJ RI $GYDQFHG
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